Microstructure and electronic structure of highly strained bismuth ferrite (BiFeO 3 ) thin films grown on lanthanum aluminate substrates are studied using high-resolution transmission and scanning transmission electron microscopies and electron energy loss spectroscopy (EELS). Monoclinic and tetragonal phases were observed in films grown at different temperatures, and a mix of both phases was detected in a film grown at intermediate temperature. In this film, a smooth transition of the microstructure was found between the monoclinic and the tetragonal phases. A considerable increase in the c-axis parameters was observed in both phases compared with the rhombohedral bulk phase. The off-center displacement of iron (Fe) ions was increased in the monoclinic phase as compared with the tetragonal phase. EEL spectra show different electronic structures in the monoclinic and the tetragonal phases. These experimental observations are well consistent with the results of theoretical first-principle calculations performed. V C 2014 AIP Publishing LLC.
I. INTRODUCTION
Bismuth ferrite (BiFeO 3 , BFO) has been widely studied for its unique magnetoelectric properties at room temperature, such as antiferromagnetism coupled with ferroelectricity. It has been also shown to display various novel phenomena, e.g., an increased conductivity at specific ferroelectric domain walls, photovoltaic properties, and new structural phases in thin films. [1] [2] [3] [4] [5] [6] [7] Understanding microstructure and phase evolution in multiferroic BFO thin films is an important issue, because interesting physical properties with practical applications are related to the microstructure and phase identity.
Although BFO is a rhombohedrally distorted multiferroic perovskite (space group R3c) in the bulk form, its structural stability is unclear in the form of thin films under strain. The misfit strain by lattice mismatch, one of the constraints in thin film growth, causes the distortion of the bulk structure and/or the stabilization of novel phases. A few research groups theoretically suggested the existence of tetragonally-distorted BFO phases (space group P4mm) in strained thin films and several experimental researchers have recently reported the formation of highly elongated along the c-axis BFO phases on highly lattice-mismatched substrates, e.g., lanthanum aluminate (LaAlO 3 , LAO), YAlO 3 , and NdAlO 3 . [8] [9] [10] [11] [12] In addition, the epitaxial strain is important for applications of BFO because it can improve the physical properties, increasing, e.g., spontaneous polarization and Curie temperature compared with the corresponding bulk materials. [13] [14] [15] [16] [17] However, the understanding of the phase evolution and atomic structures of BFO thin films is still insufficient. There are a number of fundamental questions to challenge, regarding the microstructure as well as dielectric and electronic properties, such as, e.g., What is the symmetry in distorted BFO thin-film phases?
In this paper, we present a detailed investigation on the atomic and electronic structure of highly strained BFO thin films, based on a transmission electron microscopy (TEM) study. The transition between phases is considered to be a critical issue in achieving a highly polarized BFO phase. Morphology and microstructure of BFO thin films were studied by various transmission and scanning transmission electron microscopy techniques (in particular, with a probe Cs-corrector for atomic resolution in the latter case). We also show geometrical phase analysis (GPA) results adopted to evaluate the lattice parameters of the observed phases. Finally, we will briefly demonstrate the interplay between electronic properties and microstructure. The experimental observations are complemented by theoretical first-principle calculations.
II. EXPERIMENTAL DETAILS
Bismuth ferrite thin films were deposited using pulsed laser deposition (PLD) on LAO substrates. In this paper, we consider three BFO thin films grown at 600 C, 650 C, and 700 C, respectively. An excimer laser beam (wavelength k ¼ 248 nm, laser energy density 0.5 J/cm 2 , laser spot size 5 Â 3 mm 2 ) was focused on a BiFeO 3 pressed powder target; the distance between the target and the (001) LaAlO 3 substrate was 5.0 cm. Film thickness amounted to about 20 nm. The base pressure of the vacuum chamber, P b , was 2-6 Â 10 À6 mbar, and the partial oxygen pressure during deposition, P O2 , was 2-6 Â 10 À5 mbar. After the deposition, the thin films were cooled to room temperature under oxygen pressure 175 6 25 mbar.
The crystallographic phase and orientation of the BiFeO 3 thin films were determined by X-ray diffraction (XRD) with a a)
Author to whom correspondence should be addressed. Philips X'Pert MRD diffractometer. Reciprocal space maps (RSMs) around the (103) reflection were taken to study the crystalline properties and lattice parameters. TEM was employed to study the details of the microstructure of the films. Specimens for TEM were prepared by a gallium focused ion beam (FIB). Bright-field (BF) TEM images and selected-area electron diffraction (SAED) patterns were taken using a Philips CM20T electron microscope at 200 kV. High-resolution (HR) TEM and STEM micrographs were obtained on a Jeol 4010 microscope having a point resolution of 1.6 Å at 400 kV and a FEI Cs-probe corrected TITAN 80-300 microscope having a point resolution of 0.80 Å , respectively. Electron-energy loss spectroscopy experiments were carried out in the FEI TITAN 80-300 microscope, using a GIF tridium system from Gatan, Inc.
The atomic structure of the experimentally observed phases was simulated by using density functional theory (DFT) calculations as implented in the Vienna ab initio simulation package (VASP). The generalized gradient approximation (GGA) (with the Perdew-Burke-Ernzerhoof (PBE) exchange model) was used for the simulation. A "Hubbard-U" scheme, with parameters U ¼ 4 eV, and J ¼ 1 eV, was used for a better treatment of the 3d electrons of iron. A kinetic energy cutoff of 600 eV and the 2 Â 2 Â 2 k-point mesh in the Brilliouin zone (BZ) corresponding to the supercell with 40 atoms (bismuth:8, iron:8, and oxygen:24) were used. The calculation conditions were checked from converged results. The supercell was constructed by doubling the perovskite structure with a five-atom cell along the three axis directions of the pseudocubic structure, denoted by x, y, and z. The structure is compatible with the G-type antiferromagnetic spin arrangement known to be most relevant for BFO.
III. RESULTS AND DISCUSSION
A. Microstructure Fig. 1(c) , not 90 , meaning that in this film, the crystal structure of BFO is not in a Cartesian coordinate system, and the other was the presence of vertically splitted spots of type (1/2 1/2 3/2) (and similar reflections) in Fig. 1(d) , indicated by the dotted rectangle S, which means that there seems to be a superstructure or some ordering in the BFO lattice of this film. A RSM (not shown) confirmed that the BFO film grown at 600 C has a monoclinic phase. The interface between the BFO films and the LAO substrate is atomically flat and abrupt, and the BFO thin films are free from extended defects. Figs. 1(a) and 1(b) clearly show that the BFO/LAO interface is free from misfit dislocations, at least when seen along the h110i pc direction. Strain relaxation in lattice-mismatched systems can normally be achieved through the introduction of misfit dislocations at the strained interface. From the results of the HRTEM micrographs and the SAED patterns, we rather conclude that the films are highly strained and the phase of the BFO films is modified by the strain.
The BFO/LAO samples were additionally studied in detail using GPA. 19 HRTEM micrographs filtered by a , showing the strain distribution along the in-plane direction, it is nearly impossible to differentiate the BFO thin film from the LAO substrate, which means that the difference in the lattice parameter along the in-plane direction is zero. In addition, it is also not possible to detect any dislocations near the interface. These results are well consistent with the HRTEM and SAED results. On the other hand, a complementary color of red and green was detected in Figs. 2(c) and 2(f), which means that the BFO c-axis lattice parameter is very different from that of LAO. From the measurements in Fig. 2 (c), using Gatan's Digital Micrograph routines, a BFO c-axis parameter of about 4.66 Å is determined. In this film the "strain" along the growth direction is homogeneously distributed throughout the BFO film. From Fig. 2(f) , the BFO c-axis lattice parameter is determined to range from 4.133 to 4.285 Å . The "strain" along the growth direction slightly varies with increasing film thickness. These results are also in agreement with the HRTEM and SAED results. Fig. 3(c) , vertically splitted extra spots of type (1/2 1/2 1/2) (and similar reflections, cf. "S" in Fig. 1(d) ) in Fig. 3(d) , and a deviation of the angle between the (001) and (110) planes in Fig. 3 (e) from 90 . Thus, the tetragonal phase is assigned to region R2, and the monoclinic phase to region R3. When the lattice parameters were precisely calculated by referring to the LAO substrate, the c-axis parameters for regions R2 and R3 were 4.28 8 and 4. 68 6 Å , respectively, and these values are in good agreement with those from the SAED patterns for the tetragonal and the monoclinic phases in Fig. 1 . We conclude that the region between lines L1 and L2 is a transition region between the tetragonal region R2 and the monoclinic region R3. Thus, in this film, grown at the "intermediate" temperature of 650 C, both tetragonal and monoclinic phases are present. A GPA analysis was performed in the region BR, including the transition layer TL, to evaluate the strain at the boundary between the tetragonal and the monoclinic phases (Fig.  4) . As already in Fig. 2 , the (110) and (001) peaks were chosen in the power spectrum to take the phase image, which are indicated as circles 1 and 2 in Figs. 3(c)-3(e). In this specific area, variations of interplanar spacings in the in-plane and the out-of-plane directions were observed between lines L1 and L2, i.e., in the transition region between the tetragonal and the monoclinic phases. A slightly smaller interplanar spacing in the in-plane direction (smaller by $0.5-1.0%) and a much larger interplanar spacing in the out-of-plane direction (larger by $25-26%) were observed in the transition region by referencing to the LAO substrate. Although the BFO thin film is nearly free from strain in the in-plane direction (Fig. 4(b) ), it is highly strained in the out-of-plane direction depending on the location. The deformation values in the out-of-plane direction in regions R2, R3, and TL were approximately 12, 24.5, and 20%, respectively, which are interpreted as corresponding c-axis lattice parameters 4.24 7 , 4.70 2 , and 4.55 0 Å , respectively. Fig. 4(d) shows the continuous change of atomic structure between the tetragonal phase (left part) and the monoclinic phase (right part). The atomic arrangements are smoothly changing within the transition region. Although the monoclinic phase of the BFO film grown at 600 C is not consistent with the highly distorted metastable tetragonal (P4mm) BFO phase predicted by theoretical calculations, [8] [9] [10] its microstructure is in agreement with that reported by B ea et al. 12 The lattice parameters and the c/a ratio are nearly the same as those reported in their paper. 12 In addition, it was reported by Di eguez et al. and Hatt et al. that a monoclinic distortion is energetically favorable in highlystrained BFO. 11, 21 In particular, the BFO thin film grown at 600 C most probably consists of the Cm phase, a conclusion that is also suggested by our piezoresponse force microscopy (PFM) and RSM measurements (not shown in this paper). The film grown at 700 C, on the other hand, consists of a tetragonal phase with a c/a ratio of $1.12. In their paper, based on a theoretical calculation using DFT, Di eguez et al. introduced a large number of low-symmetry phases that are local minima of the energy. 11 It may well be that the tetragonal phase observed in our experiments is a metastable phase of this type, or, alternatively, it may have a similarity with the intermediate phases reported by Damodaran et al. 15, 22 The splitted diffraction spots of, e.g., type (1/2 1/2 3/2) observed in the SAED and FFT patterns of the tetragonal film-see "S" in Fig. 1(d) -may be related to the observation of Fig. 5(c) according to which some periodic intensity variation of the Fe atom columns along the in-plane direction occurs in HRTEM and STEM micrographs of the tetragonal phase. These observations point to some superstructure within the tetragonal phase. A possible origin of it may be a periodic distortion and/or rotation of the oxygen octahedra enclosing the iron atoms. The regular rotation pattern of the oxygen octahedra by 613. 8 around the h111i pc direction, as it occurs in the rhombohedral bulk phase of BFO, is most probably not present in other BFO phases. In the tetragonal phase, the oxygen octahedra as such should still be present due to the relatively short c-axis parameter, and thus may give rise to a superstructure. On the other hand, the highly-elongated c-axis parameter of the monoclinic phase enables aligned oxygen atomic columns to occur, and thus the HRTEM micrographs of the monoclinic phase are free from such superlattice features. 21 
B. Electronic structure
The electronic structure of the BFO thin films was evaluated by electron energy loss spectroscopy (EELS) measurements at the O K-edges sensitive to the local bonding and geometry properties. The EEL spectra in Figs. 6(a) and 6(b) were taken from the films grown at 600 C and 700 C, respectively, i.e., from the monoclinic and the tetragonal phases. In the spectra for the O K-edge fine structure of metal oxides, there are usually four main feature groups observed. [23] [24] [25] [26] These four feature groups are labeled A, B, C, and D in Fig. 6 . Since in our spectra it is not possible to define the third feature C properly, the spectral signatures can be assigned to three feature groups, as follows:
The first feature group, labeled A, indicates transitions to unoccupied oxygen 2p states hybridized with the metal 3d band. Although the A features for both BFO films show a similarity in position within experimental precision, we observed a different shape and intensity behavior. Although for both films, the A 0 shoulder is observed at $532.7 eV, DE ¼ $2 eV from near threshold peak values, it is more clearly expressed in the spectrum for the tetragonal phase. Correspondingly, the relative intensity, I A 0 /I A , is much higher in the tetragonal phase than in the monoclinic phase. In the oxygen K-edge spectra, the splitting of the feature A into two components has been interpreted with respect to t 2g and e g symmetry bands separated by the ligand-field splitting to a first approximation. 23 However, the energy difference by the ligand-field splitting in iron oxides has been reported to be less than 1.3 eV. 23, 24 Thus, it is reasonable to postulate that the formation of A 0 structures is likely related to interactions between unoccupied O 2p and Bi 5d and/or p states in BFO, and that the peak by the ligand-field splitting may be contained mainly within peak A. 25, 27 The lower intensity of A 0 in the monoclinic phase may have originated from less hybridization between unoccupied O 2p and Bi d and p states caused by a nonbonding distance in the elongated structure.
(ii)
The second feature group, labeled B, is attributed to the oxygen 2p character hybridized with Fe 4s and 4p characters and covalently bonded to Bi states.
23-28
The wide range of the absorption peak B in the phases is also an indication of the strong covalent nature in the BFO thin films. Although in this region, the phases show two peaks, labeled B1 and B2, there is a huge difference in relative intensities I B2 and I B1 between the tetragonal and the monoclinic phases. Although, the intensity of an EEL spectrum is not perfectly quantitatively comparable between different spectra due to different states of different TEM specimens, variations in measurement conditions, etc., the bonding and electronic structure can be interpreted in a qualitative manner. The weaker intensity of peak B2 in the monoclinic phase suggests differences in the Fe-O and Bi-O bonding due to different atomic structures of BFO, in particular, geometries for the Fe atoms. In particular, the structure of feature B for the tetragonal phase, including peaks B1 and B2 and their relative intensity relation, must be related to the octahedral symmetry set up by the nearest oxygen neighbors (O h ). However, because the feature B for the monoclinic phase shows a totally different structure as compared with that for the tetragonal phase, we deduce that it was caused by the destruction and/or severe distortion of the O h symmetry relationships between the oxygen and iron elements in the monoclinic phase. In addition, we need to note that feature B arises from a scattering resonance of multiple scattering processes of the final state photoelectron within the cage of the first oxygen coordination shell. 24, 25 Thus, the relatively weaker signal intensity of the B feature in the monoclinic phase as compared with the tetragonal phase indicates fewer contributions of the Fe 4s and 4p states to the covalent nature of bismuth ferrite and the modification of a regular cage by a severe distortion. (iii) The third feature group, labeled C and D (although feature C is not traceable), is related to diffractive origins and due to backscattering processes; feature D is mainly due to a single-backscattering event and feature C was shown to be due to backscattering processes between the photoabsorber and the third oxygen shell. [24] [25] [26] In this region, the spectrum from the tetragonal phase shows a rather broad peak at feature D and that from the monoclinic phase is nearly free from the peak. Like feature B, the third feature group is related to the geometry of the atomic structure, in particular, the O h symmetry set up by the nearest oxygen neighbors octahedrally surrounding the Fe atoms. Thus, the FIG. 6 . (a) and (b) EEL spectra taken from the BiFeO 3 thin films grown at 600 C (monoclinic) and 700 C (tetragonal), respectively. (c) and (d) EEL spectra taken from regions R3 and R2 in Fig. 3(b) , respectively. absence of features C and D in the monoclinic phase is reflecting the modification of the ochahedral environment (O h symmetry group).
The EEL spectra in Figs. 6(c) and 6(d), taken from regions R3 and R2 in Fig. 3 , respectively, show the same characteristics as the EEL spectra in Figs. 6(a) and 6(b). These observations indicate that the electronic structures in regions R2 and R3 are similar to those in the tetragonal and the monoclinic phases, respectively.
These characteristics of EEL spectra clearly correspond to the atomic structure information identified in the highresolution HAADF-STEM micrographs. The internal structure of the monoclinic phase is very close to that of the tetragonal or monoclinic phases (P4mm or Cc structures) suggested by theoretical calculations, except the small oxygen octahedra tilting. 10, 11, 20 In the highly-elongated (along the c-axis) and/or distorted structures, the symmetry relationships between the oxygen and iron elements are transformed into five-coordinated pyramids (FeO 5 ) from six-coordinated octahedra (FeO 6 ). 1, 21, 28 On the other hand, in the lowly distorted structure, the relaxed structure is closely similar to the rhombohedral R3c phase although there is a small distortion and elongation along the c-axis. The characteristic features of our EEL spectra are well explained by these calculation results. In addition, the EEL spectra are similar to those reported by Saeterli et al. and Rossell et al.
27,28
C. First-principle calculation
In order to understand the atomic positions in the monoclinic and the tetragonal phases, a first-principle calculation was performed. Figure 7(a) shows the designed supercell with 40 atoms (Bi:8, Fe:8, and O:24) for calculation and Fig. 7(b) is the sketch of the G-type antiferromagnetic spin arrangement in the same cell as Fig. 7(a) .
The lattice parameters of the monoclinic and tetragonal phases in the calculations are constrained to the experimental values measured from the SAED patterns in Figs. 1(c) and
for the monoclinic phase and a ¼ b ¼ 3.79 2 Å , c ¼ 4.24 5 Å for the tetragonal phase, respectively. The atomic positions in the structures were, however, optimized. Figures 8(b) and 8(c) show the atomic structures along the h110i pc direction calculated for the tetragonal and the monoclinic phases, respectively, and Fig. 8(a) shows the atomic structure calculated for the rhombohedral phase as a reference system. The calculated lattice parameters of the rhombohedral phase are in good agreement with the experimental values, within less than 3%. The off-center displacement of Fe ions from the center of the unit cell defined by Bi rectangles was calculated to be 0.326 Å and 0.258 Å along the [001] pc direction for the monoclinic and tetragonal phases, respectively. And the relative displacement of Fe ions from Bi ions in the in-plane component was only detected in the calculated monoclinic phase (Fig. 8(c) ). In addition, the Fe ion undergoes a larger displacement towards the apical oxygen along the [001] pc direction, with a corresponding increase in the c-axis lattice parameter, from the rhombohedral to the monoclinic phases in Fig. 8 . As a result, the symmetry relationship between the oxygen and iron elements is transformed into five-coordinated pyramid (FeO 5 ) in the monoclinic phase from six-coordinated octahedral (FeO 6 ) in the rhombohedral phase. Thus, these calculations are well supporting the experimental results.
IV. CONCLUSION
Microstructure and electronic structure of BFO thin films grown on LAO substrates at different growth temperatures were studied using various TEM techniques, GPA, and EELS. Two different phases were found by analyzing the high-resolution TEM and HAADF-STEM images, as well as the SAED and FFT patterns; the first is a monoclinic phase growing at a growth temperature of 600 C, and the other is a tetragonal phase growing at 700 C. At intermediate growth temperature of 650 C, a mix of both phases was observed. An increase in the c-axis parameter was identified in both the phases. HRTEM observations and GPA analysis indicated that the BFO films are free from misfit dislocations. Obviously, the misfit strain between the BFO and the LAO is affecting the BFO phase(s) present in the BFO thin films. In the films grown at 650 C, a smooth transition of atomic structures was observed between the monoclinic and the tetragonal phases which are both present. The off-center displacement of iron (Fe) ions from bismuth (Bi) ions was increased in the monoclinic phase as compared with the tetragonal phase. EEL spectra showed different electronic structures in the monoclinic and the tetragonal phases. In particular, the EEL spectra suggested a modification of the O h symmetry set up by the nearest oxygen neighbor octahedrally surrounding the Fe atoms in the highly-distorted monoclinic phase. The experimental results are well supported by performed first-principle calculations.
